Expression
of transgenic Shaker (S/I) channels has not previously been examined in Drosophila neurons. We studied K+ current by whole-ceil recording in cultured "giant" neurons derived from germline transformants. Independent lines were generated by using a P-element vector, in which transcription of the 29-4 cDNA, one of the Sh splicing variants , was under the control of a heat shock (HS)-inducible promoter. Transformants in wildtype and two different Sh mutant backgrounds all exhibited an HS-inducible,
A-type K+ current that was characterized by a much slower recovery from inactivation and a higher sensitivity to 4-aminopyridine than native K+ currents or Sh 29-4 currents expressed in Xenopus oocytes. Despite similarities in the kinetic and pharmacological properties of the HZ&induced current in all backgrounds examined, host-dependent differences in the peak current amplitude have been consistently observed between multiple lines of 29-4 ShM and 29-4 Sh'*" that might reflect differential channel subunit assembly in different hosts. Isolation of the novel 29-4 currents allowed determination of the channel turnover rate in cultured neurons. These currents persisted for up to 3 d or more, comparable with the durations previously reported for Na+ and Ca*+ channels.
Surprisingly, the percentage of cells expressing inactivating K+ currents remained approximately the same with or without HS induction, suggesting that some mechanisms exist to restrict functional expression of inactivating K+ channels, including transgenic Sh channels and those not encoded by the Sh locus, to certain types of neurons.
[Key words: potassium channels, transgenic Sh channel, channel distribution, channel turnover, subunit assembly, heat-shock induction, host dependence, 4-aminopyridine, inactivation and recovery, Drosophila embryonic neurons]
Potassium channel diversity plays a crucial role in the regulation of neuronal membrane excitability. For example, voltage-gated, transient A-type K+ channels are involved in the initiation and repolarization of action potentials (Hille, 1992) . Mutations in the Shaker (Sh) locus in Drosophila enhance larval neuromuscular transmission (Jan et al., 1977) , delay action potential repolarization in the cervical giant fibers (Tanouye et al., 1981) , and specifically eliminate or alter an A-type K+ current in embryonic (Zagotta et al., 1988) , larval (Wu et al., 1983; Wu and Haugland, 1985) , pupal and adult (Salkoff and Wyman, 1981; Salkoff, 1983; Elkins et al., 1986) muscle. In contrast, only a small fraction of transient K+ currents in cultured embryonic neurons (Sole et al., 1987) or dissociated pupal thoracic ganglia (Baker and Salkoff, 1990 ) is affected by Sh mutations, indicating that some A-type channels must be encoded by genes other than Sh.
Three genes, Shab, Shal, and Shaw, have been isolated by homology to Sh (Butler et al., 1989) and may contribute to A-type channel diversity (Tsunoda and Salkoff, 1993) . Molecular characterization of the Sh locus indicated that alternative splicing of Sh transcripts produces distinct mRNAs encoding proteins with a constant corC region flanked by divergent amino and carboxyl domains (Kamb et al., 1987; Pongs et al., 1988; Schwarz et al., 1988) . Each of these RNAs is capable of expressing functional K+ channels, albeit with distinct kinetic properties, in Xenopus oocytes (Iverson et al., 1988; Timpe et al., 1988a,b) . Coexpression studies in oocytes suggested that Sh channels are formed by the assembly of four subunits (MacKinnon, 1991) , and additional diversity can be generated by the coassembly of different Sh subunits into heteromeric channels (Christie et al., 1990; Isacoff et al., 1990; McCormack et al., 1990; Ruppersberg et al., 1990) .
Genetic and electrophysiological studies in native excitable tissues revealed further complexity in the expression of the Sh gene. Nonuniform severity of Sh mutant phenotypes in different tissues (Tanouye and Ferrus, 1985; Ganetzky and Wu, 1986) suggests that other tissue-specific factors may influence Sh channel function. Allele-specific interactions indicate that A-channels expressed in muscle are heteromultimeric assemblies, composed of nonidentical Sh subunits (Haugland, 1987; Haugland and Wu, 1990 ) and the product of another gene eag (Wu et al., 1983; Wu, 1991, 1993) , which shows some homology with Sh proteins (Warmke et al., 1991) .
To examine expression of individual Sh subunits in a variety of native cell types and genetic backgrounds, we have begun to explore the functional expression of Sh cDNAs in transgenic Drosophila. Germline transformants were generated using a P-element vector containing Sh 29-4 cDNA fused to the heat shock-inducible hsp70 promoter. Cultured "giant" neurons, which express a variety of channels (Saito and Wu, 1991) in-eluding those reported in cultured embryonic, larval, and pupal neurons (Byerly and Leung, 1988; Sole and Aldrich, 1988; Baker and Salkoff, 1990) , derived from transformants were used to allow whole-cell recording from a large number of central neurons required for this analysis. An A-type K+ current, arising from expression of Sh 29-4 , was characterized. The distinct K+ currents seen enabled us to follow channel turnover process in "giant" neurons for comparison with the stability of Na+ and Ca*+ channels previously reported. Transformants were also studied in wild-type and two different Sh mutant backgrounds, Wzu and Sh", to investigate the potential influence on K+ channel expression in different hosts that produce normal, altered, or no Sh subunits.
Preliminary accounts of some of the results have appeared previously (Zhao et al., 1992) .
Materials and Methods
P-element-mediated germline transformation. Sh 29-4 cDNA insert (lverson and , equivalent to ShD; see Schwarz et al., 1988) was excised from BlueScript vector (Stratagene, San Diego, CA) using the restriction endonuclease EcoRl and subcloned into the Drosophila transposable P-element vector, pcasper-hs (a gift from Carl Thummel, University of Utah). The recombinant plasmid was mapped with the restriction endonuclease, BamHl, to determine correct 5' to 3' orientation of the cDNA insert relative to the hsp70 promoter. The resulting pcasper-hs-Sh 29-4 and pTurbo (encoding the transposase, a gift from Ernst Hafen, Zoologisches lnstitut der Universitiii, Zurich)-plasmid DNAs were co-injected into w f Sh rKO'zO or w f ShM mutant Drosophila embryos according to the method of Rubin and Spradling (1982) . For simplicity, the allele Sh'KO'Zo will be designated as ShIZO in this article hereafter (see Lindslev and Zimm. 1992 . for details of the mutations used as markers, such-as w, f). All surviving adult flies were individually back-crossed to the appropriate host strain and germline transformants were identified on the basis of a change in eye color. Single-pair matings of heterozygous transformants, with pale yellow to orange eyes, were performed and homozygous progeny were identified by their darker orange to red eye color. Identification of the chromosome containing the transgene was determined, for each line, by a series of standard genetic crosses in which transgenic flies were mated to flies carrying balancers for either the X chromosome, FM7a, or autosome 2, M(2)173/sM5,CY, es candlTM3, Sb Ser (Lindsley and Zimm, 1992) . Transformants in which the site of insertion of the P-element was determined to be on an autosome, as identified by the above crosses, were used to introduce the transgene into a background of Sh+ by a series of genetic crosses. For example, to generate Sh 29-4 +b transformants in a wild-type background, w Sh+ v&gin females were crossed to male Sh 29-4 120b transformants in a w f Sh lzO background (see Table 1 for different lines generated). Heterozygous transformant male progeny, which should all carry the w Sh+ X chromosome, were identified by their orange eye phenotype and back-crossed to w Sh+ virgin females. Heterozygous transgenic progeny generated from the above cross were mated, and their homozygous progeny identified by darker orange eye color. Single-pair matings of homozygous progeny were then performed to establish homozygous lines of each transformant strain in a w Sh+ genetic background. Southern (DNA) blots of EcoRl-digested genomic DNA from transformants were orobed with a-PJ2-labeled Sh 29-4 cDNA to confirm that transformants carried DNA inserts corresponding to Sh 29-4 cDNA (Sambrook et al., 1989) .
Immunoblotting. Three day old adult flies were frozen in liquid nitrogen and vortexed to remove their heads. Twelve heads were placed in a 1.5 ml microfuge tube containing 24 ~1 of dissociation buffer (5% P-mercaptoethanol, 10% glycerol, 1% SDS, 5 mM Tris-HCl, pH 6.8) and homogenized. Samples were boiled for 2 min and 6 p.1 of 0.1% bromophenol blue in 10% glycerol was added. Fly debris was pelleted by centrifugation at 101 rpm for 2 min in a microfuge and 10 )*l of supernatant (equivalent to four fly heads) was loaded onto an 8% SDSpolyacrylamide gel (Laemmli, 1970) along with 10 ~1 of prestained SDS polyacrylamide low MW markers (Bio-Rad, Richmond, CA). The gel was subjected to electrophoresis in a Bio-Rad Mini-Protean II Cell and proteins were electrophoretically transferred to a nitrocellulose filter (BA85, 0.45 p pore size, Schleicher and Schuell, Keene, NJ) essentially as described by Towbin et al. (1979) using a Trans-Blot Cell at 100 V for 17 hr. Blot was blocked by incubation in Blotto (5% Carnation Nonfat Dry Milk in 1X phosphate-buffered saline, PBS) containing 0.3% Tween-20 (Baker, Philipsburg, NJ) for 2 hr, then incubated for 3 hr in solution containing the anti-Sh monoclonal antibody, 8E8 (specific for the Sh type 4 carboxyl domain, K. Takagawa, E. 0. Sable, and L. E. lverson, in preparation), at a concentration of 0.5 ng/p,l in Blotto. Blot was rinsed in Blotto containing 0.3% Tween-20 three times (10 min each), and blocked in 0.3% Tween-20, 5% goat serum (Gemini Bioproducts Inc., Calabasaa, CA) in Blotto for 2 hr, then incubated overnight (16 hr) in the secondary antibody solution containing a 1:SOOO dilution of an Alkaline phosphatase conjugated goat anti-mouse IgG (Tago, Burlingame, CA) in 0.3% Tween-20 in Blotto. Blot was washed three times in Blotto (10 min each), two times in PBS (10 min each) and two times (10 min each) in alkaline phosphatase buffer (APB, containing 100 mu NaCl, 5 mu MgCl,, 100 mM Tris-Cl, pH 9.5). Blot was then developed using 165 pl of 5% nitro blue tetrazolium in 70% dimethylformamide and 82.5 pl of 5% bromochloroindolyl phosphate in 100% dimethylformamide in 25 ml of APB for 30 min. The procedure was carried out at room temperature (22-23°C).
RNA polymerase chain reaction (PCR) analysis. One day old adult flies (20-25) were collected in glass vials and subjected to-heat shock (HS) bv submerging the vials in a 38°C water bath for 2 hr (non-HS &es' w&e main&& at 18°C). Total RNA was isolated 1 hr following the HS treatment using GlassMax RNA microisolation spin cartridges (Bethesda Research Laboratories) according to instructions provided by the manufacturer. Reverse transcription reactions and PCR amplifications were performed using a 5' RACE system (Bethesda Research Labs). The antisense primer used for reverse transcription is located 295-314 nucleotides from the 5' end of the Sh 29-4 cDNA (5'-CCA-TGGCCTCCCATGCCGCC-3').
Primers used for hsp70-Sh cDNA templates correspond to nucleotides 1942 from the 5' end of the hsp70 mRNA (5'-GCAAAGTGAACACGTCGCTAAGCG-3') and to nucleotides 223-244 from the 5' end of Sh 29-4 (5'-CGATCGAAGAA-ACTGTGGCAGTGGCA-3').
PCR primers were used at 200 ng/50 ~1 reaction. Reactions were carried out at 94°C for 4 min, 72°C for 5 min, followed by 35 cycles of PCR amplification; 1 min at 94"C, 1.5 min at 6O"C, and 1 min at 72°C. PCR products (25 pl of the 50 l.~l reaction) were subjected to electrophoresis on 1% agarose gels in Tris-borate buffer (Sambrook et al., 1989) . To ensure that the PCR amplified product was derived from HS-induced hsp70-Sh 29-4 RNA, and not genomic DNA, PCR amplifications were also performed on "cDNA templates" that had been prepared in the absence of reverse transcriptase.
Cell culture. Cultures of Drosophila "giant" neurons, derived from cytokinesis-arrested embryonic ne&oblast& were prepared as described oreviouslv (Wu et al.. 1990: Saito and . Brieflv. embrvos from each tranigenic line were collected on agar plates for -1-2 hr,-then incubated for 3-4 hr at 25°C. Embryos were homogenized in modified Schneider medium (GIBCO, Grand Island, NY) containing 200 rig/ml insulin (Sigma, St. Louis, MO), 20% fetal bovine serum (FBS), 50 pg/ ml streptomycin, and 50 U/ml penicillin (all from GIBCO). Cells were dissociated in the above medium containing l-2 kg cytochalasin B (Sigma), and then plated on glass coverslips. Cultures were maintained in humidified chambers at room temperature (22-23°C). In some cases dissociated cell cultures were washed in culture medium on the second day following plating, otherwise cytochalasin B was removed by rinsing cells in bath solution prior to recording. No evident differences in physiological results were noticed following the two treatments (cf. Saito and Wu, 1991) .
Heat shock induction. Cover slips containing cell cultures that were to be subjected to heat shock-induced transcription (HS groups) were placed in sealed plastic petri dishes and incubated at 38.5 + 0.2"C for 30 min (in a few cases, cell cultures were subjected to 1 hr heat pulses. No electrophysiological difference was detected). Heat shock-treated cell cultures were allowed to recover at room temperature for at least 3 hr. In experiments in which we examined the time course of Sh 29-4 expression, the time following HS was measured from the end of heat pulse to the start of electrical recording.
Electrophysiological recording and data analysis. Whole-cell patchclamp recording was similar to that of Saito and Wu (1991 120~: 2nd chromosome but different site from 120b Ma: X chromosome Mb: 2nd chromosome MC: 3rd chromosome +b: 2nd chromosome and message is from 120b fc: 3rd chromosome and message is from MC EPC-7 (Medical Systems Corp., Greenvale, NY) or Axon-Patch 2B (Axon Instruments, Foster City, CA) patch-clamp amplifier. The seal resistance was usually greater than 8 GQ and the junction potential was nulled just prior to rupture of the membrane. Bath solution contained 128 mM NaCl, 2 mM KU, 4 mM MgCl,, 1.8 mM CaCI,, and 35.5 mu sucrose, buffered with 5 mu HEPES at pH 7.1 to 7.2 (adjusted with NaOH). To isolate voltage-activated outward K+ currents, 0.2 )LM TTX (Sigma) and 0.2 mM Cd*+ were added to the bath solution to eliminate inward Na+ or Ca*+ currents. Patch pipettes were filled with a solution containing 144 mM KCl, 1.0 mM MgCI,, 0.5 mM CaCI,, and 5.0 mu EGTA, buffered with 10 mM HEPES, pH 7.1-7.2 (adjusted with KOH). To determine the pharmacological effects of 4-aminopyridine (4-AP, Sigma), bath solution was replaced at least two times with solution containing the drug at its desired final concentration. At least 30 set was allowed for equilibration before data collection. An IBM-compatible PC computer, PCLAMP software (version 5.51, Axon Instruments) and A/D, D/A converters (Labmaster, Axon Instruments) were used for voltage pulse generation and data acquisition. Data were filtered at 3 kHz using a four-pole Bessel filter and digitized at 1-5 kHz. Leakage and capacitance currents were digitally subtracted. A series of four pulses to -75 mV from a holding potential of -80 mV were applied immediately after formation of the whole-cell configuration and the current response was used for compensating the effects of leakage resistance and membrane capacitance. To obtain firm, quantitative measurements, cells with a peak current amplitude smaller than 50 pA were excluded from analysis. All figures were constructed using software, CLAMPFIT @LAMP 5.51, Axon Instruments), SIGMAPLOT (version 4.0, Jandel Scientific, San Rafael, CA), and SUPERPAINT (version 2.0 for Macintosh, Silicon Beach, San Diego, CA).
Results
The Sh"O mutation expresses reduced amounts of Sh subunits; ShM produces no Sh gene products Individual transformed lines are listed in Table 1 . Sh 29-4 transformants 120a, 120b, and 120~ represent independent lines that were originally generated in a w f ShjzO host strain. Transformants Ma, Mb, and MC are independent transformants originally isolated in w f ShM hosts. Transformants in Sh+ were derived from one of the transformed lines listed above, then genetically introduced into w Sh+ hosts as described in Materials and Methods. The two Sh mutants, ShJzO and Sh", were chosen for our initial analysis because both mutations show extreme neuronal hyperexcitability at the neuromuscular junction, but voltageclamp recordings of muscle indicate that ShM eliminates the A-current and behaves like a null mutation in heterozygotes, while Sh'*O only reduces A-current amplitude slightly (Wu and Haugland, 1985; Ganetzky and Wu, 1986; Timpe and Jan, 1987; Haugland and Wu, 1990) . This implies that ShM eliminates all Sh gene products, while Sh'*O may affect only a subset of Sh subunits that are preferentially expressed in the presynaptic region. Molecular analysis indicates that genomic DNA from ShM flies contains a 2.2 kb DNA insertion within the constant region of the gene (Kamb et al., 1987) . Furthermore, our immunoblot- ting data, obtained using an anti-Sh monoclonal antibody specific to the type 4 carboxyl domain (K. Takagawa, E. 0. Sable, and L. E. Iverson, unpublished observations), indicates that ShM produces no Sh polypeptides containing this carboxyl domain while Sh'20 expresses reduced amounts of Sh subunits containing this region (Fig. 1A) . A-current expressed in the HS-treated neuron did not recover from inactivation during the 1 set interpulse interval and was, therefore, not observed during the test pulse. In this and following figures, conditioning and test pulses were both to +20 mV from a holding potential of -80 mV, unless stated otherwise.
It is difficult to determine quantitatively the amount of Sh 29-4 protein induced by HS treatment, because the induction of large amounts of heat shock proteins (such as hsp70 and hsp83) interfered with gel-electrophoresis and immunoblotting of the Sh protein. RNA-PCR was used instead for a semiquantitative analysis of the expression of Sh 29-4 transcripts in host and transformant lines before and after heat-shock (HS) treatment (Fig.  1B) . A DNA fragment of the expected MW (435 bp) was clearly observed only when RNA was prepared from transformants (Mb and 120b) that had been subjected to HS treatment (HS+), and only when cDNA was prepared in the presence of reverse transcriptase (RT+). This indicates that significant levels of expression of the transgene does not occur in the absence of HS.
A heat shock (HS)-inducible, A-type K' current exhibiting slow recovery from inactivation is expressed in 29-4 transformants in both ShrzO and ShM backgrounds Functional expression of Sh 29-4 in "giant" neurons was readily detected by comparing the voltage-dependent outward K+ currents expressed in the presence or absence of heat shock (HS). Voltage-dependent K+ currents were isolated from Na+ currents, Ca2+ currents, and Ca*+-and Na+-dependent K+ currents (Saito and Wu, 1991) by bath application of TTX and Cd2+ throughout the experiments. Figure 2 shows the double-pulse experiments used to isolate a fast-inactivating, slow-recovering A-type K+ current, in a subset of neurons from transformants following HS induction. Cultured neurons derived from transformants showed considerable variation in the expression of HS-induced K+ currents (see below). In the case presented in Figure 2A , the fastinactivating component is composed of mostly the HS-induced slow-recovering current, which showed less than 5% recovery from inactivation during a 1 set interpulse interval. For comparison, the fast-recovering, native A-type K+ current, expressed in the absence of HS, showed almost complete recovery from inactivation during the same 1 set interval (Fig. 2B) .
To determine if slow recovery from inactivation of the HS- Fig. 3 ). In the absence of HS, neither line expressed the slow-recovering component (group c). In addition, a subset of neurons from both lines did not express the slowrecovering component even after HS treatment (group b). These results, together with results from a third independent transformant in a ShfzO background (12Oc, data not shown), indicate that the site of insertion of the transgene has no effect on the properties of the HS-induced K+ current. Because the ShfzO mutation produces some Sh gene products potentially capable of interacting with the HS-induced subunit (Fig. I) , it would be interesting to see whether the novel K+ current described above could be produced in a host in which the native Sh subunits are absent. To explore this possibility we examined expression of Sh 29-4 gene product in ShM (see Fig.  l ), using the same double-pulse protocol. Two independent transformed lines were used for this analysis, Ma and Mb. Strain Ma carries the transgene on the X chromosome, while the transgene in strain Mb is inserted on the 2nd chromosome (see Table  1 ). Similar to 29-4 expression in Sh'*O hosts, both Ma and Mb transformants exhibited a fast-inactivating, slow-recovering K+ current following HS-induction. The slow-recovering K+ component was limited to a subset of HS-treated neurons (group a, Fig. 3) , and it was never observed in no HS controls (group c). Furthermore, a subset of neurons did not express the HS-inducible, slow-recovering A-current even after HS treatment (group b).
Although a variety of voltage-gated K+ currents that exhibit fast or slow inactivation (including a subset of neurons that express noninactivating, voltage-gated K+ currents; see Table 2 ) was seen in transformant neurons, the novel fast-inactivating, slow-recovering A-current has never been detected in control neurons derived from Sh'*O or ShM hosts, Canton-S wild-type and several other mutant strains (unpublished data) with or without HS-induction. The same is true for transformants in the absence of HS induction. This provided the first line of evidence that a K+ current expressed following HS-induced transcription of the transgene could be distinguished from all other K+ currents expressed in these neurons. The expression is dependent neither on the insertion site (X or 2nd chromosome) nor on the Sh mutant background (Sh'20 or Sh").
Kinetics analysis of inactivation and recovery from inactivation A group of neurons in the transformant lines following HS treatment displayed inactivating, A-type K+ currents with kinetic properties clearly distinct from control neurons without HS treatment. All neurons examined that showed an inactivating component in their outward K+ currents, with or without HS treatment, were pooled to correlate the rate of inactivation and that of recovery from inactivation (Fig. 4) . For the sake of simplicity, the fraction of recovery (r) following a 1 set interpulse interval is plotted against the fast time constant for inactivation (~1. In general, two time constants are required for a satisfactory fit of the time course of inactivation. The slow time constant, 72, con- Zhao et Figure 4 . HS-induced K+ currents in all Shfz" and SW transformants are characterized by slower recovery from inactivation than native K' currents and relatively fast inactivation. The fraction of current (Y) that recovered from inactivation during the 1 set interval between conditioning and test pulses is plotted against the fast time constant for inactivation (~1) for transformants in S/P (A) and SW (B) backgrounds. The method used for calculating r = (I,,, -I,)l(I,, -I,) is shown in the inset (A), where I,, is the peak current elicited by the conditioning pulse, I,,, is the peak current elicited by the test pulse, and l, is the steady-state current remaining at the end of each pulse. Current decay was fit using a double exponential function, I = I, + A, exp(-t/r]) + A, exp(-t/ 72), where ~1 and 72 are the fast and slow decay time constants for the two inactivating components A, and A,, respectively. Open symbols, HS-treated neurons; solid symbols, no HS control neurons. Group a, HS-induced Sh 29-4 expression; group b, HS-treated, but no expression of slow recovering component; group c, no HS control neurons. See text for details of the grouping. tributes less to inactivation development and is not included in the analysis.) The formula used for calculating r is shown in the inset in Figure 4A . Data derived from 120a and 120b transformants in a S/P background (Fig. 4A ) are compared with data from Ma and Mb transformants in ShM hosts (Fig. 4B) . The three regions labeled a, b, and c in Figure 4 are equivalent to the three types of neurons depicted in Figure 3 (groups a, b, and c) , and represent (a) HS treatment resulting in expression of the slowrecovering component, (b) HS treatment, no expression of slowrecovering component, and (c) no HS treatment. One striking feature of the plots is that a natural separation of the data points occurs in the region around r = 0.6 (see also Fig. 6 ). Unlike control neurons (solid symbols; no HS), HS treatment of all 120a, 120b, Ma, and Mb transformants (open symbols) resulted in a subpopulation of neurons expressing K+ currents that are contained within the fast-inactivating (T, < 150 msec), slowrecovering (r < 0.6) region (group a). The consistency of these results suggests that, hereafter, Y < 0.6 may be used as the criterion for positive identification of neurons that express the novel A-type K+ current with slow recovery resulting from HSinduced Sh 29-4 expression (although it is still possible that currents in group b neurons contain small fractions of HS-induced Sh 29-4 currents and currents in group a neurons contain some native currents).
Kinetics of inactivation and recovery from inactivation of HS-inducible K+ current are similar in mutant or Sh+ backgrounds The kinetics of recovery from inactivation of the HS-inducible K+ current in ShJZO hosts was determined by varying the interpulse interval in a double-pulse voltage-clamp paradigm. Figure  5 shows the fraction of current that has recovered from inactivation plotted as a function of the interval between the two voltage pulses (see inset in Fig. 5B ). Recovery from inactivation of the no HS control groups (solid symbols, equivalent to group c in Fig. 4A ) and the HS-treated but no expression groups (open symbols, equivalent to group b in Fig. 4A ) are shown in Figure  5A . These currents recovered very quickly from inactivation, exhibiting 50% recovery at an interpulse interval of less than 200 msec. In contrast to the controls shown in Figure 5A , it is clear that recovery from inactivation of the HS-induced K+ current was significantly slower than that of native K+ currents (open symbols, Fig. 5B ). On average, this component required an interpulse interval of about 4 set to attain 50% recovery from inactivation. For comparison, data from Figure 5A are replotted in Figure 5B (solid diamonds). For both sets of recovery time course, two time constants are used in order to obtain a satisfactory fit. The much slower rate of recovery of 29-4 currents expressed in transformants compared to 29-4 currents expressed in Xenopus oocytes (about five times slower; see Iverson and Rudy, 1990) raised the possibility that neurons derived from Sh mutants used as host strains (ShM and Sh'20) may be missing a factor that affects recovery kinetics and is, fortuitously, provided by the oocytes. If this factor is a different Sh subunit, then 29-4 transformants in a Sh+ background should express K+ currents in response to HS induction that show faster recovery from inactivation. To examine this possibility we analyzed recovery from inactivation of 29-4 K+ currents expressed in two transformed lines in Sh+ hosts (see Table 1 ). Sh+ transformants were originally generated in Shfzo (+b from 120b, circles, Fig. 6 ) or ShM (+c from MC, squares) hosts then genetically introduced into Sh+ backgrounds as described in Materials and Methods. Consistent with expression of 29-4 in Sh mutant hosts, the two transformants in Sh+ hosts both expressed fast-inactivating, slow-recovering A-currents in a subset of neurons following HS induction that satisfies the criterion r < 0.6 (group a, Fig. 6A ). The slow-recovering K+ current is not detectable in the absence of HS induction (group c, Fig. 6A) , and a subset of neurons derived from both transformants did not express the slow-recovering component even in the presence of HS-treatment (group b, Fig. 6A ). Figure 6B shows the fast recovery from inactivation typical of controls (solid symbols, equivalent to groups b and c in Fig. 6A ), with half-recovery occurring at less than 200 msec. In contrast, the slow-recovering component (open symbols, Fig. 6B ) did not reach half-recovery until about 5 sec. The two distinct recovery processes of K+ currents expressed in Sh+ transformant neurons were very similar to that observed for SUzO transformants. For comparison, the same curves used to fit the data shown in Figure 5B are plotted in Figure 6B and follow the data points closely. The result demonstrates that the difference in recovery rate observed for 29-4 currents expressed in transformants relative to 29-4 currents expressed in Xenopus oocytes is not due simply to the absence of a particular Sh subunit. Rather, this result implies that if the oocyte is providing a factor that can modulate recovery kinetics of 29-4 currents, then this putative factor is apparently absent in the "giant" neurons used here.
The HS-induced K+ current exhibits a similar voltage-dependent activation but a higher sensitivity to 4-AP than native A-currents The HS-inducible 29-4 K+ current is characterized by its distinct inactivation and recovery kinetics. To determine if its voltage dependence and pharmacological properties are also distinguishable from the native A-currents in "giant" neurons, we examined the voltage-dependent activation of the HS-inducible K' current in 29-4 transformants in ShjZO, ShM and Sh+ hosts in comparison with native A-currents in wild-type neurons. Figure  7 shows examples of the HS-inducible and native A-currents in 29-4 .SZz+ transformants and Sh+ controls, extracted by the double-pulse paradigm with 1 set and 10 msec interpulse intervals, respectively. Normalized current-voltage relations of the fastinactivating, slow-recovering components extracted from all transformant strains are compared with the inactivating A-type currents in Sh+ (Fig. 7C) . Despite considerable variation, the voltage range in which activation of the HS-induced A-currents occurred was similar in all hosts and substantially overlapped with that of the native A-currents.
The drug 4-aminopyridine (4-AP) is known to block Sh K+ currents in Drosophila muscle (Salkoff and Wyman, 1981; Wu and Haugland, 1985) as well as all K+ currents expressed from Sh cRNAs injected into Xenopus oocytes (Iverson et al., 1988; Timpe et al., 1988b; Iverson and Rudy, 1990) . The efficiency of 4-AP block of the HS-inducible A-current expressed in transformants was determined. The inactivating component of the outward K+ current was estimated by using the same approximation (Z, -Z,) shown in Figure 4A . Superimposed double-pulse recordings (interpulse interval of 1 set) of two 120a neurons, with or without HS induction, are shown in Figure 8A . At 1 mM, 4-AP blocked about 80% of the HS-induced A-current, which showed only partial recovery after washing out the drug (upper traces). The same concentration of 4-AP applied to no HS controls reduced the native A-current by about 25%, and this current showed complete recovery after wash out (lower traces). Doseresponse relations for 4-AP block of inactivating currents (Z, -Z,) in cells that expressed HS-induced A-type K+ channels in 29-4 Shf20, ShM and Sh+ transformants are shown in Figure 8B (open symbols). 4-AP sensitivity of native A-currents expressed in no HS controls are also shown for comparison (solid symbols, Fig. 8B ). The data indicate that the HS-induced A-currents from all 29-4 transformants are more sensitive to 4-AP than native currents, and also more sensitive to 4-AP block than K+ current produced by expression of 29-4 in Xenopus oocytes (Timpe et al., 1988b; Iverson and Rudy, 1990) . Taken together, these re- sults suggest that pharmacological sensitivity may be more variable than activation in different cellular environment, and this variability may arise from factors other than Sh subunits.
Temporal regulation and host dependence of expression efJiciency of 29-4 K+ current in "giant" neurons Because the distinct properties of fast inactivation and slow recovery from inactivation allowed isolation of the HS-induced K+ current from native K+ currents in "giant" neurons, we w@re able to address a number of questions related to channel expression in these cells. First, do the amplitude of the HS-induced A-current and the percentage of cells expressing this novel current vary in different backgrounds? Second, since these "giant" neurons express a variety of K+ currents (Saito and Wu, 1991) , does expression of the HS-induced A-current occur only in a subpopulation of neurons expressing certain types of native K+ currents or does its expression occur only at the expense of particular types of native K+ currents? Third, to our knowledge, interpulse interval (s) Figure 6 . The HS-induced A-current expressed in Sh' hosts also exhibits extremely slow recovery kinetics. A, The fraction of current (Y) recovered during the 1 set interval was plotted against the fast time constant for inactivation (~1); r and ~1 for neurons from two different lines (+b and +c) were determined using the same equation described in Figure 4 . Open symbols, HS-treated neurons; solid symbols, no HS controls. Group a, HS-treated neurons expressing 29-4 currents; group b, HS-treated but no 29-4 expression; group c, no HS control neurons. B, The kinetics of recovery from inactivation of A-currents in S/z+ hosts was determined using the same paradigm in Figure 5B (inset). Fast recovery of native K+ currents in no HS control neurons (solid symbols, neurons from group c in A) are compared to the slow recovering A-currents expressed in HS-treated neurons (open symbols, neurons of group a). The curves shown in Figure 5B are replotted here for comparison.
there has been no report on the turnover process of native K' channels. If the time course of expression of the novel A-currents following HS-induction is indicative of the stability of these channels in neurons, it can then be compared with the stability of native voltage-gated Na+ and Ca2+ channels reported in other organisms. A detailed statistical analysis, generated from the complete data base accumulated in this study, may provide important clues to the answers to these questions.
All cells examined that displayed inactivating K+ currents, either HS-inducible or native types, were pooled in the plots shown in Figure 9 . The data base is equivalent to Figures 4 and  6A , but the fraction of recovery (Y) is plotted against the amplitude of the inactivating components (I, -Z,Y; see Fig. 4A inset) . Among those cells that exhibited the novel, slow-recovering A-currents, the current amplitude appeared to be smaller in SW than in SP or Sh+ hosts (compare group a in Fig. 9A-C .8 Figure 7 . Voltage dependence of activation of HS-induced A-current is independent of Sh host background and is similar to that of native A-type K+ currents. Identical conditioning and test pulses to -20, 0, and 20 mV were applied with a 15 set rest interval between doublepulse cycles. The inactivating component is isolated by subtracting the current elicited by the test pulse (A2, B2) from the current elicited by the conditioning pulse (Al, BI). The interpulse interval (ipi) was 1 set for transformants and 10 msec for Sh+ controls. Current extracted for a 29-4 transformant neuron in a Sh+ host (Al-A2) and a S/z+ control neuron (BZ-B2) are shown. Extracted currents for each neurons were normalized to the inactivating current elicited by the +20 mV pulse (I,,,,,), and plotted as a function of the test pulse potential (C). Squares, HSinduced A-currents isolated by subtraction for 29-4 Sh+ transformants; circles, 29-4 S/P0 transformants; triangles, 29-4 S/P transformants; diamonds, native A-type currents in Sh+ control neurons. For the sake of clarity, some data points are displaced along the voltage axis.
simply displaced certain components of the native A-currents, all the data from Figure 9 was included in Table 2 , along with data from cells that expressed only noninactivating outward K' currents. Surprisingly, the percentage of neurons exhibiting only noninactivating K+ currents remained roughly the same with or without HS treatment in all transformants. In contrast, there was an obvious decrease in the percentage of neurons expressing native A-currents (with fast recovery kinetics) in transformant neurons following HS treatment (Table 2) . Consistent with the above observation, the data clearly indicate that the total inactivating component (I, -I,) in cells expressing Sh 29-4 currents was no greater than the inactivating component in control groups without HS treatment (compare groups a and c in Fig. 9 ). This suggests that there may be an upper limit on the density of A-currents in these neurons, and that HS-induced expression of the novel A-current occurs at the expense of native A-currents.
To examine the stability of the 29-4 channels in different genetic backgrounds, we carried out an analysis of distribution of the HS-induced A-current detected in neurons at various times after HS. The inactivating component (I, -Z,,) displaying slow recovery kinetics was used to estimate the amplitude of HSinducible A-currents in all neurons (r < 0.6, group a neurons in Figs. 4, 6A, 9) , and is plotted against the time following HS induction for all three genetic backgrounds in Figure lOA -C. Figure 1OD shows the percentage of cells expressing the novel current within each time bin. Although the 29-4 currents in ShM hosts were consistently lower in amplitude (Fig. lOB) , they appeared to persist for more than 2 d (Fig. 1OD) . The amplitude of the novel A-currents expressed in ShlzO or Sh+ hosts varied considerably. However, the maximum amplitude in Sh' hosts appeared to peak early, around 6 hr after HS, and then gradually declined to a residual level within 18 hr (Fig. 1OC) . A similar time course was also reflected in the percentage of cells expressing the HS-inducible current in Sh+ hosts (Fig. 1OD) . In contrast, both the amplitude and percentage distributions of the HS-inducible A-current in ShjZO hosts showed a more gradual rise and decline, reaching peak amplitude and percentage between 8 and 12 hr after HS and showed little decline in 57 hr (Fig. lOA,D) .
Discussion
This article reports the first examination of functional expression of transgenic Shaker K+ channels in neurons of Drosophila germline transformants. Whole-cell patch-clamp recording was performed on cultured "giant" neurons derived from cytokinesis-arrested embryonic neuroblasts . Their large size facilitates electrophysiological studies of basic properties of Drosophila central neurons. Previous studies suggest that undifferentiated neuroblasts in gastrulae are already determined; even after cell-division arrest, they continue to differentiate a variety of phenotypes. Different arborization patterns ,, ionic channels (Saito and Wu, 1991) and enzymes for transmitter synthesis (Huff et al., 1989) are expressed in subsets of these multinucleated "giant" neurons. A rich variety of cell types are present in the Drosophila nervous system and it is not known how different ionic channels, such as Sh K+ channels, contribute to neuronal diversity. The "giant" neuron culture system enabled us to obtain a large data base for analyzing the pattern of functional expression of a particular Sh cDNA, 29-4, under the control of an HS-inducible promoter. Transformants were generated in wild-type and two different Sh mutant backgrounds to examine the potential interaction between transgenic and different host Sh subunits.
Recovery from inactivation and sensitivity to 4-aminopyridine are signijcantly different between Sh 29-4 channels expressed in transformants and native K+ channels In spite of the heterogenous K+ currents present in neurons, positive identification of Sh 29-4 currents was feasible because the HS-induced A-current recovered much slower from inactivation than native inactivating K+ currents expressed in no HS control groups of transformants (group c, Figs. 3, 4, 6A) , or in neurons from wild-type, ShizO and ShM host strains with or without HS treatment (data not shown). The difference is striking, less than 0.2 set (Fig. 5A ) versus longer than 4 set ( Fig. 5B ) at half-recovery (see also Fig. 6B ). Sensitivity to block by 4-AP and recovery from inactivation of the HS-induced A-current were similar in several independent transformed lines and in all host strains (Figs. 4, 6A, 8 ). These observations indicate that the novel slow-recovering A-current does not depend on particular sites of chromosomal insertion of the transgene. Furthermore, similarity in 4-AP sensitivity and recovery kinetics of the HS-induced A-current in different Sh mutant backgrounds indicates that these properties depend on Sh 29-4 subunits. Apparently, native Sh subunits either do not coassemble with or are dominated by 29-4 subunits in the channel assembly.
It should be noted that recovery from inactivation of Sh 29-4 channels expressed in transformant neurons is very different from that of Sh 29-4 channels expressed in oocytes, although the fast time constant (~1) of inactivation is similar in the two preparations . Analysis of mutant and chimeric Sh channels in oocytes indicated that these channels undergo two distinct types of inactivation, fast (N-type, Hoshi et al., 1990) or slow (C-type, Iverson and Rudy, 1990; Hoshi et al., 1991) inactivation. In oocytes, all Sh channels with type 4 carboxyl domains, including 29-4, recover quickly from inactivation, showing complete recovery during interpulse intervals of 1 set . However, Sh channels containing the type 4 carboxyl domain can be induced to enter the C-type inactivated state, which is associated with slow recovery, by maintained depolarizations of several seconds . Nevertheless, native A-currents in "giant" neurons did not show slower recovery after more prolonged depolarization at 20 mV for 0.75 set (see, for example, Fig. 8A , lower traces).
It is previously reported that all Sh channels expressed in oocytes exhibit similar 4-AP sensitivity (Timpe et al., 1988b; Iverson et al., 1988; Iverson and Rudy, 1990) . However, the pharmacological sensitivity of 29-4 channels expressed in transformants is substantially higher than that of 29-4 channels The Journal of Neurosdence, 2.5 ' Q'E 1 i expressed in oocytes. This effect is specific to slow recovering channels expressed from the transgene, because the 4-AP sensitivity of fast-recovering A-type currents (Y > 0.6) expressed in HS-treated transformant neurons resembled that of native currents (data not shown).
Recordings from a large number of sampled neurons indicate that, while the native A-currents varied considerably in the rate of inactivation, the novel Sh 29-4 currents were restricted to neurons with a faster decay rate (Figs. 4, 6A) . In contrast, the voltage range of activation overlapped considerably for the native and Sh 29-4 A-currents. The time constant (~1) of inactivation and voltage dependence of activation were similar for Sh 29-4 channels expressed in both Xenopus oocytes ) and transformant neurons (Fig. 7) . One possibility is that, recovery from inactivation and sensitivity to 4-AP are more sensitive to modification by different cellular environments. It will be interesting to examine whether this is true for other excitable tissues in 29-4 transformants.
Tissue-specijc expression and influence of cellular factors Transgenic A-type currents in ShB transformants have been previously studied in cultured embryonic muscle cells (Zagotta et al., 1989) . In contrast to our observations in neurons, it was found that the transformant current shows more rapid inactivation and recovery than the native muscle A-type currents, and thus resembles the ShB current expressed in Xenopus oocytes. The significance of this difference may become clear when further studies on expression of ShB (4-4, Iverson and Rudy, 1990) in neurons and 29-4 (ShD) in muscle are conducted. Nevertheless, previous studies suggest that factors, such as endogenous homologous subunits or channel-associated proteins, are present in oocytes that can participate in the assembly or modulation of channels Buller and White, 1990; Blumenthal and Kaczmarek, 1993; Saal et al., 1993; Isom et al., 1994) . The significantly slower recovery rates of 29-4 channels in transformants relative to 29-4 channels in oocytes is likely due to differences of such factors in the two systems. It is also possible that Sh 29-4 subunits contribute only a minor component to neuronal Sh channels. Consistent with this observation, the Sh transfraction of recovery (r) location, W32, which separates the type 29 5' domain from the remainder of the gene (Kamb et al., 1987) , results in elimination of all Sh K+ currents in muscle (Timpe and Jan, 1987) , but exhibits only weak effects on adult giant fiber axons (Tanouye et al., 1981; Tanouye and Ferrus, 1985) . In addition, only probes containing sequences from this 5' domain hybridizes in muscle (Tseng-Crank et al., 1991) . Moreover, the voltage range of activation and the rate of inactivation for Sh 29-4 channels in "giant" neurons resemble those of native A-currents in embryonic, larval and pupal muscles (see review, Wu and Ganetzky, 1992) . It is possible that the Sh 29-4 splicing product contributes a subunit to muscle A-channels.
Percentage of neurons expressing inactivating K' currents is not increased by HS-induced expression of Sh 29-4 Only one A-type K+ channel has been identified in Drosophila muscle, that encoded by the Sh locus (see review, Wu and Ganetzky, 1992) . In contrast, Drosophila neurons appear to express a diverse array of voltage-dependent K+ channels, including inactivating and noninactivating types, and many neurons lack inactivating A-type currents (see for review, Wu and Ganetzky, 1992; Saito and Wu, 1993) . If expression of Sh 29-4 is additive to native K+ currents, then one might expect to observe a higher percentage of neurons expressing inactivating currents following HS treatment. The data presented in Table 2 demonstrates clearly that this is not true. HS treatment consistently failed to increase the percentage of neurons exhibiting inactivating currents. Furthermore, amplitude distributions of the total inactivating currents (I, -I,) in cells expressing HS-induced 29-4 channels are no greater than that of native K+ currents (see Fig. 9 ).
The lack of slow-recovering A-currents in a subset of HStreated neurons (group b, Figs. 4, 6A) further suggests that some mechanism exists that limits the number of A-channels in these neurons. The significance of this finding is not known. If we assume that HS induces ectopic expression of messages in all cells within the transformant, the lack of the slow-recovering A-currents in these neurons would indicate restriction in translation of Sh 29-4 messages, or absence of other regulatory Fig. 9C ). D, The percentage of neurons expressing the slow-recovering A-current is plotted against time after HS. The percentage is determined as the number of neurons expressing the novel, slow-recovering A-current among the total population of sampled neurons (n) subjected to HS treatment.
factors, such as channel associated proteins, required for the formation of functional channels from the translated subunits.
An extension of this idea is that the cells lacking inactivating currents (Table 2 ) may be missing a factor that is important for functional expression of all A-channels, including those containing Sh and non-Sh subunits. Since the same phenomenon was observed in all host backgrounds, such a factor must be derived from genes other than Sh and may be related to posttranslational mechanisms such as channel assembly, anchoring sites or functional modification.
Temporal regulation of the HS-induced A-current may depend on Sh mutant background ing HS (Fig. 10) . In Sh+ hosts (Fig. lOC) , the maximum amplitude of the 29-4 currents appeared at 5-7 hr after HS and decreased rapidly with time. In contrast, 29-4 currents in ShlZo hosts (Fig. IOA) peaked at 8-12 hr after HS and decreased at a much slower rate. A similar difference in decay rate can be seen in the percentage of neurons expressing 29-4 currents at various times after HS (Fig. 100) . Although data for temporal expression in ShM hosts (Fig. IO&D) are somewhat limited, the tumover rate appears closer to Sh IzO than Sh+ hosts. These results are indicative of host-dependent effects on Sh 29-4 expression in neurons. Whether Sh subunits contributed by the hosts affect the function and/or the stability of the novel currents attributable to Sh 29-4 subunits must await further investigation. Amplitude distributions of inactivating currents in ShM hosts exSh 29-4 currents remain functional for days in "giant" neupressing 29-4 channels appeared smaller than in Shj20 and Sh+ rons. Since the turn over rates of the induced Sh 29-4 mRNA is hosts (Figs. 9, 10 ). Since it is likely that the inactivating currents still not known, we can not rule out the possibility of persistent (Z, -I,) in neurons exhibiting slow recovery (r < 0.6) is mainly synthesis of the Sh 29-4 subunit. However, if indicative of the mediated by 29-4 channels (Fig. 9) , several conclusions can be useful life of K+ channels in Drosophila neurons, this temporal drawn from the amplitude distributions at different times followrange is directly comparable to the turnover time reported for other voltage-dependent channels (Schein, 1976; Schmidt and Catteral, 1986) .
